INTRODUCTION 54
Single-celled, ciliated protists are abundant in diverse habitats across the globe, where 
Genome assembly and annotation

155
Genomes of four mating types (EVJ, EVK, EVL and EVM) were assembled using SPAdes 
157
Mitochondrial genomic peptides of ciliates and genome sequences of bacteria were 158 downloaded from GenBank as BLAST databases to remove contamination caused by 159 mitochondria or bacteria (BLAST E-value cutoff = 1e-5). CD-HIT v4.6.1 (CD-HIT-EST, -c 160 0.98 -n 10 -r 1) was employed to eliminate the redundancy of contigs (with sequence 161 identity threshold = 98%) (Fu et al., 2012) . Poorly supported contigs (coverage < 5 and 162 length < 300 bp) were discarded by a custom Perl script.
163
A final genome assembly of E. vannus was merged from the genome assemblies of 164 four mating types (EVJ, EVK, EVL and EVM) by CAP3 v12/21/07 (Huang & Madan 1999) .
165
Completeness of genome assembly was evaluated based on expectations of gene content 
169
Genome assemblies of E. crassus (accession numbers: GCA_001880385.1) and E. Telomeres were detected by using a custom Perl script which recognized the 174 telomere repeat 8-mer 5'-(C4A4)n-3' at the ends of contigs, as described in a previous 175 study (Swart et al., 2013 detected by using a custom Perl script which recognized the frame change between two
198
BLASTX hits (E-value cutoff = 1e-5 and inner distance <= 10 nt), modified from the 199 protocol in a previous study (Wang et al., 2016) , with the addition of a strict criterion (the 200 distance between two adjacent hits with different frames <= 10 bp) to make sure no intron Table S9 ).
230
Homologous HSP70 gene sequences in E. vannus was acquired by using BLAST+ 
RESULTS
262
General description of genome sequencing and assembly of Euplotes vannus
263
In the current work, we acquired the MAC genomic data of four different mating types (EVJ,
264
EVK, EVL and EVM), which were experimentally confirmed (Table S1 ). The MAC genome 265 assemblies of these mating type had an average size of 164.2 Mb with a mean coverage 266 of 61X (Table 1 and Figure S1 and Table S2 ).
267
After the contigs identified as noise (coverage < 5X) or contamination of bacteria 268 and mitochondria were removed, the final genome assembly of E. vannus was generated 269 by merging the genome assemblies of these four mating types (assembled genome size is 270 85.1 Mb and N50 = 2,685 bp, Table 1 (Table 1) .
275
The contig N50 values of these three Euplotes species were all smaller than 3 kb, (Table S2) . (Table S3 ). Furthermore, 109 tRNAs which consist of 48 290 codon types for 20 amino acids, were detected in the final genome assembly (Table S4) .
291
These results indicated that our genome assembly of E. vannus was largely complete. The 292 information of repeat regions and functional annotation of genes are summarized in Figure   293 S3, Table S5 and Table S6 .
294
The size distribution of complete chromosomes of E. vannus (i.e. those bearing 295 telomeric repeats "C4A4" and "T4G4" on both ends) is quite close to that of another two 296 euplotids, E. octocarinatus and E. crassus, with the peak values around 1.5 kb ( Figure 1B ). chromosome numbers were similar in these two euplotids (Table 1) Figure S5) . The E-value cutoff (1e-5) ensured the 323 accuracy of the prediction process and a small inner distance cutoff (10 nt) was applied to 324 get rid of the interference from introns, because all introns of euplotids were larger than 20 325 nt as described above ( Figure 2D ). The result indicated that the high frequency of +1 326 programmed ribosomal frameshifting (PRF) was a conserved feature in euplotids.
327
However, intriguingly, more +2 and -1 PRF events were found in E. vannus (16.6%) than 328 in E. octocarinatus (4.4%). With more cases of +2 and -1 PRF events being spotted, a 329 novel motif rather than the canonical motif 5'-AAA-TAR-3' (R = A or G) was revealed as 5'-330 WWW-TAR-3' (W = A or T) ( Figure 2E ).
331
Based on the genomic and transcriptomic sequencing data, the stop codon usage 332 was analyzed in E. vannus and E. octocarinatus and compared between the regular 333 transcripts and the slippery sites of PRF transcripts ( Figure 2F ). In these two euplotids,
334
UAA was preferentially used in the regular termination signal (73.7% and 76.0%, 335 respectively) and in the slippery signal (91.3% and 91.0%, respectively). Moreover, the 336 frequency of UAA codon usage in slippery signal is significantly higher than that in the 337 regular termination signal (p = 0.005024 < 0.01, Analysis of variance), which suggested 338 that UAA may be favorable for frameshifting in both E. vannus and E. octocarinatus. (Table S7 ). Other than the pheromones Ev-1, Ev-2, Ev-3 and Ev-alpha that were 343 orthologous to Ec-1, Ec-2, Ec-3 and Ec-alpha in E. crassus, respectively, a novel Type-II 344 pheromone Ev-4 and a novel Type-I pheromone Ev-beta were found in E. vannus ( Figure   345 3A and Figures S6, S7 and S8). Although Ev-4 used "TAG" as stop codon rather than 346 using "TAA" in other three Type-II pheromones ( Figure S6 ), together with Ev-beta, they 347 showed a significant sequence similarity with the other three known pheromones, 348 especially in the pre-and pro-regions of the cytoplasmic precursor (marked by red arrows 349 in Figure 3A ) and retained highly conserved cysteine residues in the secreted region
350
(marked by red dots), which was an important feature of pheromone allele sequences.
351
The phylogenetic analysis of Euplotes pheromones, including the homologs in each 
371
In brief, each of the six mating types we identified contained a unique combination of four 372 Type-II pheromone genes.
373
To further study the development process of the pheromone genes during the 374 programmed DNA rearrangement from germline MIC to somatic MAC in E. vannus, MIC 375 genomic DNA was acquired by single-cell sequencing and its draft genome was 376 assembled (Table 2) . Then the germline genome (MIC) origins of Ev-1 (MAC Contig16568),
377
Ev-2 (Contig28896), Ev-3 (Contig29423) and Ev-4 (Contig34058) were mapped to MIC 378 contigs ( Figure 3C and Table S8 , E-value cutoff = 1e-5). The coding region of pheromone 379 genes Ev-1, Ev-2 and Ev-3 consisted of three MDS regions from the MIC genome while Ev-4 consisted of at least two MDS regions. However, the germline source of a part of the 381 pro-region and the secreted region of Ev-4 was not found. 
Genomes of ciliates are divergent to each other and largely unexplored 441
In the current work, we present a high-quality macronuclear and a partial micronuclear Figure 3A) .
499
As the Ec-1 and the other two Type-II pheromones, Ec-2 and Ec-3, were identified 500 in different mating types of E. crassus by pheromone purification and molecular mass 
514
Taken together, the current work revealed that euplotids have a novel SD manner 515 by which mating types are determined through mating type-specific combination of four 516 Type-II pheromone genes ( Figure 7C ). Unlike Paramecium tetraurelia, there is no excision 517 event on promoter regions of E. vannus pheromone genes (figs. 3C, 7A and Figure S6 ).
518
On the other hand, the MAC of E. vannus does not possess exclusive mating type-specific 519 SD loci as Tetrahymena thermophila (Figure 3 and 7B) . This mating type-specific feature 520 of Type-II pheromones comes from the programmed DNA rearrangement between 521 germline and somatic genomes. Intriguingly, none of the E. vannus mating types we have 522 identified possesses all four Type-II pheromone genes in MAC ( Figure 3B and Figure S9 ).
523
Thus, the results of current study described a third SD type in ciliates ( Figure 7C ). However, the corresponding HSE element of E. vannus is poorly conserved, which may 548 impair its sensitivity to temperature stress ( Figure 6C) . Furthermore, the absence of an 
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